I. INTRODUCTION
Plasma generation in a liquid is currently being investigated for application in a variety of fields such as nanoparticle synthesis, 1,2 hydrogen production, 3 surface modification, 4 polymerization, 5 and the decomposition of harmful dissolved substances. [6] [7] [8] [9] To establish the technologies for plasma in liquid, plasma diagnosis has become much more important. Many methods for plasma diagnosis, such as electrical measurement, optical emission spectroscopy (OES) containing the broadening of a spectral line, Langmuir probes, and laser irradiation have been proposed in a past. 10 Among the various methods, OES is one of the most used diagnostic method for a liquid plasma. 11 The analysis of a light emission spectrum from a plasma has revealed the excitation temperature, current density, and active radicals that constitute the plasma.
When a direct-current (DC) voltage is applied to a conductive electrode in a solution, a plasma layer is generated at the interface between the electrode and the solution. The formation of the plasma is due to the heating of the solution near the electrode. An electrode under such conditions was named "a glow discharge electrode" by Hickling and Ingram. 12 They performed the conventional electrolysis of water and increased the current by increasing the voltage from a low value. Because heating of the solution due to electrical resistance was concentrated at the electrode/solution interface, the solution near the cathode was heated to its boiling point, and a vapor layer was generated. If the voltage was sufficiently high, the vapor layer formed a discharge plasma that was accompanied by light emission. 13 The emission spectra of this radiation depended on the constituent elements of the electrolyte and electrode materials. 14, 15 Recently, a solution plasma has been applied to the synthesis of nanoparticles. The produced particle size and compositions were affected by the plasma conditions, such as the electrode shape, 16, 17 voltage, 18, 19 atmospheric pressure, 20 and material. 21 Previous reports indicated that the shape of the electrode affects the plasma conditions and obtained nanoparticles. When the electrode has an edge similar to the tip of a wire, the transition from a partial-plasma region to a full-plasma region occurred with the strong emission of light. 16 This transition is caused by the current concentration at the edge induced by a highly inhomogeneous electric field. The products are oxidized and agglomerate after the transition. When the electrode is symmetric and flat without edges, metallic particles were mainly synthesized. For controlling the particle size, higher voltages using low electrolyte concentrations were effective. The particle size decreased from 137 nm to 70 nm when the applied voltage changed from 65 V to 590 V. 22 As mentioned above, the experimental parameters for controlling the synthesized nanoparticles has been investigated. However, the relationship between the properties of the plasma, such as the excitation temperatures and synthesized nanoparticles, has not been clearly understood. Additionally, formation mechanism of nanoparticles is still unclear.
In this study, spectroscopic measurements of a solution plasma using DC were performed during nanoparticle synthesis to control the product size and investigate the particles formation. In the experiments, the effects of edge-shielding, applied voltage, and electrode material on the plasma were mainly studied. The excitation temperature was estimated from the emission spectrum by applying the Boltzmann plot method with the assumption of local thermodynamic equilibrium (LTE). Furthermore, observations by a high-speed camera were carried out to investigate the plasma generation.
II. EXPERIMENTS
As reported previously, 16, 19, 22, 23 the experimental setup consisted of two electrodes in a glass cell with a capacity of 300 ml. The cathode consisted of a metal wire with a diameter of 1.0 mm. When the edge shielding and electrolyte concentration were investigated, a Ni wire was used as a cathode. When the effects of the electrode material were investigated, the cathode materials were wires comprised of Ti, Fe, Ni, Cu, Zn, Zr, Nb, Mo, Pd, Ag, W, Pt, Au, and various alloys of stainless steel and Cu-Ni alloys. The upper and lower parts of the cathode were shielded by a quartz glass tube to maintain the exposed length at 10 mm. The exposed portion functioned as the actual electrode. For no edge shielding, the lower shield was removed. The anode consisted of a Pt wire with a length of 1000 mm and a diameter of 0.5 mm, and it was bent into a semicircular mesh. The distance between the electrodes was maintained at 30 mm. A 0.1 M NaOH solution was used as the standard electrolyte. The concentrations of the NaOH solutions varied from 0.001 to 5.0 M for changing the applied voltages. The conductivity of the solution affects to the voltage for plasma generation. The solution temperature was recorded every 5 s at a depth of 10 mm using a polymer-coated thermistor thermometer (Ondotori TR-71Ui, T&D). The current and voltage were recorded every 2 s using a DC power supply (ZX-800 H, Takasago). Light emission from the plasma was measured using a visible-light spectrophotometer (USB 2000þ, Ocean Optics) with an observation range from 200 to 850 nm. A high-speed camera (FASTCAM SA5, 1/20000 s) was used to reveal the plasma conditions. After electrolysis, the products were collected by centrifugation and washed with deionized water. Subsequently, the products and post-experiment cathode wires were observed using a JSM-7001F (JEOL) fieldemission scanning electron microscope (SEM).
III. RESULTS AND DISCUSSION
A. Effects of edge shielding on the Ni electrode
We investigated the spectra of light emission from an edge-shielded Ni electrode and a non-edge-shielded Ni electrode. For both electrodes, a glow discharge with light emission occurred at approximately 120 V. The intensity of light emission increased with increasing voltage, which means that the net area of the discharge increased with increasing voltage. The discharge in this range is referred to as the partial-plasma region. 
, and O (777 nm) were detected. The strong emission of Na (589 nm) was derived from the NaOH electrolyte solution. The emissions from the Ni electrode (341, 357, 362, and 386 nm) increased at a higher voltage because of the increase in the electrode temperature. The average temperature of the entire Ni electrode surface is believed to be low in this partial-plasma region. Without edge shielding, the transition from a partial plasma to a full plasma occurred at approximately 173 V. After the transition, the current increased from 0.37 to 0.51 A. The emission spectra at 180 V under full-plasma conditions exhibited strong infrared radiation, which suggests that the entire Ni electrode surface was strongly heated owing to the high input power induced by the higher current flow. Figure 2 shows photographs of the Ni electrode taken by a high-speed camera at a frame rate of 1/20 000 s. In the partial-plasma region, the entire area of the plasma was small, and the light-emitting points moved quickly, as shown in Fig. 2(a) . Under such conditions, the surface temperature of the entire electrode was low, and small metallic nanoparticles with dimensions below 300 nm were produced. 16 In contrast, the full-plasma electrode continuously emitted infrared radiation, as shown in Fig. 2(b) ; coarse and oxidized particles measuring over 700 nm in diameter were produced because of the higher electrode temperature, which enabled melted particles to easily agglomerate on the electrode surface to form coarse particles.
Photographs without infrared radiation were taken by using a cut filter, and the emission spots of the plasma were also observed at the edge of the electrode in Fig. 2(c) . The electrode surface after electrolysis was characterized by an SEM. 16 Particles were uniformly attached to the electrode surface of the partial plasma. In contrast, the full-plasma electrode had many cracks that were most likely caused by the thermal expansion of the electrode at high temperature. The coarse particles were produced from the rough surface of the electrode. From these results, it is found that an electrode having a uniform and symmetric shape maintains a partial plasma effectively that produces small metallic nanoparticles.
B. Effects of the electrolyte concentration
As reported by many researchers, 19 ,24 the electrical conductivity of the solution affects the plasma formation and nanoparticle synthesis. When the concentration of the electrolysis solution is low, the current decreases, and the plasma generation requires a high voltage owing to an increase in the solution resistance. Figure 3(a) shows the reported data of the relationship between the applied voltage and the mean diameter produced by a solution plasma in the partial FIG. 2. Photographs of the Ni electrode taken by a high-speed camera, where plasma emission was observed at an exposed portion. The frame rate was 1/20 000 s. For partial-plasma conditions (a), the light-emission spots moved quickly. When the full-plasma electrode was used, infrared radiation radiated continuously at the electrode edge (b), and plasma emission was also centered on the edge (c) plasma. 18, 19, 22 The particle size tends to decrease with an increase in the applied voltage. Additionally, the SEM observation of the electrode after electrolysis at different voltages, shown in Figs. 3(b) and 3(c), indicates that a higher applied voltage with a low concentration forms holes on the electrode surface. The formation mechanism of these holes is still unclear.
To examine the effects of the electrolyte concentration and voltage, the excitation temperature was calculated from the Boltzmann plot by assuming LTE as 21, 25, 26 ln
where I ij is the emission intensity of H a (656 nm) and H b (486 nm), k ij is the wavelength, g i is the statistical weight of the upper level, A ij is the transition probability, E i is the upper level energy, k is the Boltzmann constant, N(T) is the total number density of neutrals, and U(T) is the partition function.
There is a possibility that the LTE model is not applicable to this plasma. In addition, we should have considered the effects of light absorption of the solution. Therefore, the absolute value of the calculated excitation temperature might not be an exact value. However, we can relatively compare the plasma conditions by using the excitation temperature. The excitation temperatures obtained at different voltages are summarized in Fig. 4 , which reveals increases with increasing applied voltage. The high accelerated voltage excited the plasma. Below a concentration of 0.01 M, the intensity of light emission was too small for calculation of the excitation temperature. At 140 V and a concentration of 0.1 M, the excitation temperature was 4500 K. Overall, the temperatures ranged from 3400 to 7000 K under various conditions. Table I summarizes the excitation temperatures from various plasmas in a liquid, which were influenced by the plasma source, solution, applied voltage, electric power, and pressure. Hattori et al. reported that the excitation temperature ranged from approximately 3000 to 5000 K for a microwave plasma and a high-frequency plasma in a liquid. 21 In the case of pulsed nanosecond laser ablation reported by Mortazavi et al., the excitation temperature range was 4900-7300 K. 26 Some researchers have reported a temperature over 10 000 K. 27, 28 Under such conditions, the formation of nanoparticles via melting and solidification of the electrode surface was considered. Furthermore, vaporization of an electrode can occur when the excitation temperature exceeds the boiling temperature of the electrode material. This was probably the cause of holes generated on the electrode surface at a high applied voltage, shown in Fig.  3(c) . In the partial-plasma region, the average temperature of the electrode surface was low. However, the excitation temperature of the plasma generated at current concentration spots, as shown in Fig. 2(a) , increased at high applied voltage, forming a metal vapor that produced small particles. The formation mechanism at various plasma conditions was summarized in Fig. 5 . The excitation temperature was changed by not only the applied voltage but also the electrolyte concentration. When the concentration was decreased, a higher voltage was required for plasma generation; therefore, the excitation temperature was increased at lower electrolyte concentration. Typical I-V curves at different concentrations (Fig. 6) show that the current during plasma generation was lower at lower electrolyte concentrations. The inset curve explains what occurred in each region. At low voltage, electrolysis of water took place, and the current increased with voltage in accordance with Ohm's law (Region 1). Because the thermal loss was concentrated at the cathode-solution interface, the solution near the cathode was heated to the boiling point and a steam-containing gas layer was generated. Once the gas layer was formed on the cathode surface, the current could not increase any further, and it decreased (Region 2) because the cathode electrode and the solution were no longer in contact (breakdown). If the voltage was sufficiently high, a discharge with intense light emission would have begun in the gas layer (Region 3). At high applied voltage, the transition from a partial plasma to full plasma (Point 4) occurred. When the applied voltage was the same at different concentrations, the excitation temperature changed: (concentration, voltage, and excitation temperature) ¼ (0.05 M, 180 V, 4900 K), and (0.1 M, 180 V, 5800 K). These phenomena are explained by the difference in region at I-V curve (Fig. 6) . The 0.05 M-180 V condition corresponds to region 2 in Fig. 6 , which is the transition area from gas layer to plasma. In contrast, the 0.1 M-180 V is region 3 in close to region 4. Compared to plasma at region 3, the excitation temperature of region 2 tends to be low due to low emission intensity of plasma as shown in Fig. 1 . Even though the applied voltage is same, the excitation temperature is changed when the plasma condition is different. From these results, it was found that the high applied voltage in the partial-plasma region were effective for synthesizing small nanoparticles owing to the high excitation temperature.
C. Effects of the electrode material
In Secs. III A and III B, we focused on a Ni electrode. Here, the effects of the electrode material are presented under the same operating conditions of a 0.1 M NaOH electrolyte solution at 140 V for an edge-shielded electrode. Figure 7 shows the spectrum of light emission from each electrode material. Similar to the Ni electrode in Fig. 1 , emissions from OH, H a , H b , Na, O, and the electrode elements were observed. The intensities from the emission lines of the electrode elements changed for each electrode, as shown by the spectroscopic measurements in Table II . For most electrodes, the excitation temperatures were in the range of 4000-5000 K, and the relative emission intensities of O were 10-15% against a reference intensity of 100% for H a . For the Zn electrode, it was difficult to calculate the when the solution temperature of the surrounding electrode was increased to the boiling point, a gas layer was generated on the electrode surface, which prevented the current from flowing. Region 3: the gas layer grew to the partial-plasma region. Point 4: at high applied voltage, the partial plasma became a full plasma. The dashed line corresponds to a power of 100 W. excitation temperature from the hydrogen lines because of a strong Zn emission line near the H b line. The emission intensities of Na and OH radicals depended on the material, and the emission intensities of Na and OH tended to increase with an increase in the emission of ions from the electrode.
In Table II , the excitation temperature T e was calculated by evaluating the H a and H b lines. Additionally, the excitation temperatures were also calculated by using the emission lines of the metallic elements. Figure 8 shows the Boltzmann plots for the Zn, Ni, and Au electrodes. We could not estimate the excitation temperatures of other electrode materials because of the lack of data, spectrum overlap, and limited number of obtained spectra. The excitation temperature at approximately 4000 K agreed with the temperature obtained from the hydrogen line for the electrode operating in the 0.1 M NaOH electrolyte at 140 V. Nanoparticles of Ti, Fe, Ni, Zn, Nb, Mo, Ag, Pt, Au, and alloys were generated, as shown in Fig. 9 . Particles could not be obtained from Cu and W, possibly because the 0.1 M NaOH solution at 140 V was not suitable for producing Cu and W nanoparticles. In a previous study, we synthesized copper nanoparticles by using a sodium citrate solution. 23 The high voltage with a partial plasma was effective for size control of various materials, as described in Secs. III A and III B. In the case of Ti, the particle size decreased from 197 nm to 72.5 nm when the applied voltage increased from 72 to 127 V in the partial-plasma region. 1 However, when the applied voltage, current, and excitation temperature were at similar levels, the particle size was different for each material. For example, Au and Pt had much smaller particle sizes of less than 10 nm even though their emission spectra were not much different from those of other materials. Therefore, the formation of nanoparticles was affected not only by the plasma conditions such as the excitation temperature but also by the physical properties of the electrode material, such as melting temperature, density, electrical conductivity, thermal conductivity, vapor pressure, ionization energy, and chemical stability.
IV. CONCLUSION
In this study, we obtained spectroscopic measurements of solution plasmas using a direct current during nanoparticle synthesis to control the product size and investigate the particles formation. The effects of edge shielding, applied voltage, and electrode material on the plasma were primarily studied. The excitation temperature was measured by applying the Boltzmann plot method assuming LTE. The following conclusions were drawn:
(1) The strong emissions of H a , H b , OH, and O were detected via OES. The electrode without edge shielding produced coarse particles with oxidization due to increasing the average temperature of electrode surface to radiate infrared radiation. When the edge was shielded, a fine metallic particles were generated in a partial-plasma region. plasma region is effective for synthesizing small nanoparticles owing to high excitation temperature. (3) For most electrodes, the excitation temperatures were the range of 4000-5000 K. Nanoparticles of Ti, Fe, Ni, Zn, Nb, Mo, Ag, Pt, Au, and alloys were synthesized. The particle size is affected not only by the applied voltage but also by the physical properties of electrode material.
